The Mongolian gerbil is an excellent animal model for Helicobacter pylori-induced gastritis in humans. In this study, initially low colonization rates of the H. pylori strains ATCC 43504, SS1, or HP87 inoculated into gerbils caused difficulties in establishing this model. In order to increase the colonization ability and pathogenicity, the clinical HP87 isolate was selected for adaptation to the gerbil stomach by multiple in vivo passages through gerbils. Development of gastritis was examined histologically at 4-52 weeks after infection. The proportion of gerbils which tested positive for H. pylori by culture at four weeks after inoculation gradually increased from 11.1% of gerbils inoculated with HP87 without prior in vivo passage (P0) to 100% of gerbils inoculated with HP87 with seven in vivo passages (P7). In addition, adaptation of HP87 resulted in more severe histopathological changes. Gerbils infected with adapted HP87 (P7) exhibited severe infiltration by monomorphonuclear and polymorphonuclear leukocytes in the mucosa, submucosa, and subserosa of the gastric antrum, as well as epithelial changes consisting of hyperplasia, erosion, and ulceration. Histopathological changes increased in severity from four to 52 weeks after infection. Adaptation of HP87 during its passages through gerbils could be due to genetic changes in bacterial colonization factors. Identification of these changes might be useful to understand the underlying mechanism of gastric adaptation and pathogenesis of H. pylori.
Helicobacter pylori is an important bacterial pathogen that causes chronic gastritis and peptic ulcer disease in humans (Dixon 1995 , Marshall 1995 . In addition, it is associated with the development of gastric adenocarcinoma and gastric mucosa-associated lymphoid tissue (MALT) lymphoma (Parsonnet et al. 1991 , Marshall 1995 . While more than half the world's population harbours H. pylori, only a proportion (10-20%) of infected individuals develop serious clinical disease (Marshall 1995 , Nguyen et al. 1999 . The critical factors that influence acquisition and disease outcome of H. pylori infection still need to be elucidated. These include the host, the bacterium, and environmental factors.
To help understand the pathogenesis of H. pylori infection and to develop novel therapies and vaccines, adequate animal models are required to reproduce the various aspects of H. pylori-related disease. Available animal models of gastric Helicobacter infection include gnotobiotic pigs, nonhuman primates, dogs, cats, ferrets, and a range of rodents (Fox & Lee 1997 , Eaton 1999 . However, several models are not optimal for a variety of reasons. In some cases, the animals cannot be handled with ease or in large numbers or have to be maintained under germfree conditions; furthermore, the infection rate or level of gastric pathology can be rather low. An excellent model of H. pylori infection is the Mongolian gerbil, because H. pylori-infected gerbils develop severe gastritis and features of the human disease such as gastric ulceration, intestinal metaplasia, and gastric adenocarcinoma (Hirayama et al. 1996 , Watanabe et al. 1998 , Ikeno et al. 1999 . The aim of the present study was to establish this model at our facility. To induce gastric disease, gerbils are usually infected with either a standard H. pylori strain or with clinical isolates taken from human patients. In contrast to this, we report here the observation of very low colonization rates using the H. pylori strains ATCC 43504, SS1, or HP87. Only after adaptation of the clinical isolate HP87 to the gastric mucosa of gerbils by performing several in vivo passages through these animals were we able to induce a chronic active gastritis resembling the disease of human patients.
Materials and methods
Animals A total of 251 Mongolian gerbils (Meriones unguiculatus, 124 females and 127 males, 5-14 weeks old) from an outbred population were used for this study. They were barriermaintained in a room with controlled environment (22721C, 5575% relative humidity, 12 h light/dark cycle) at the Central Animal Facility of the Hannover Medical School (Germany). Personnel entering the room were required to wear a gown, cap, surgical mask, overshoes, and gloves. Gerbils were housed in microisolator cages (810 cm 2 floor area) with a maximum of five animals per cage on a bedding of dust-free softwood fibres. Tap water and pelleted diet (Altromin 1324) were provided ad libitum, and autoclaved hay was offered once a week. Routine microbiological monitoring was performed on representative animals according to the recommendations of FELASA (Rehbinder et al. 1996) and did not reveal any evidence of infection with pathogens except for Pasteurella spp. and H. hepaticus.
All animal experiments were approved by the Review Board for the Care of Animal Subjects at the local authorities.
H. pylori strains
This study was conducted using the H. pylori strain HP87 isolated from a human gastric biopsy sample (Wagner et al. 1997) , the mouse-adapted strain SS1 ) (kindly supplied by F Sommer, University of Erlangen, Germany), and the H. pylori strain ATCC 43504 (BCCM/LMG Bacteria collection, Laboratorium voor Microbiologie, Universiteit Gent). All these strains had been passaged in vitro multiple times without documentation of the exact number or passages. The strains HP87 and ATCC 43504 have the cagA þ and vacA s1-m1 genotype, and the SS1 strain has the cagA þ and vacA s2-m2 genotype. Stock cultures were stored at À701C in brain heart broth (Merck, Darmstadt, Germany) supplemented with 0.25% SELECT yeast extract (Gibco, Eggenstein, Germany), 1% N-S anaerobe selective supplement (Oxoid Ltd, Basingstoke, England), 10% fetal bovine serum (FBS) (Gibco), and 10% glycerol (Sigma Chemical Co, St Louis, MO, USA).
Inoculation, re-isolation, and identification of H. pylori Before inoculation, H. pylori was grown on Skirrow selective agar consisting of Columbia agar base, 7% sterile horse blood, and Skirrow supplement (10 mg/L vancomycin, 5 mg/L trimethoprim, 2500 IE/ L polymyxin B; all from Oxoid Ltd) in a microaerobic atmosphere (85% N 2 , 10% CO 2 , 5% O 2 ) at 371C for three days. H. pylori bacteria were harvested and suspended in phosphate-buffered saline (PBS, pH 7.4).
Bacterial suspensions were adjusted to an optical density of 1.0 at 578 nm (containing approximately 10 7À9 colony-forming units [CFU] per mL). In total, 194 animals (96 female, 98 male) were orogastrically inoculated with 0.8 mL of bacterial suspension using a feeding needle (outside diameter ¼ 0.12 cm). A total of 57 control animals (28 female, 29 male) received sterile PBS under the same conditions and the same time.
Gerbils were killed by CO 2 inhalation. The times of dissection post-inoculation (p.i.) and individual group sizes are indicated in the Results section (Tables 1 and 2). The stomach was resected, the squamous portion removed, and the glandular portion divided longitudinally into two equal halves. One half of the glandular portion, including all subtypes of mucosa, was used for histological examination; the other half was used for bacterial culture as described by Mä hler et al. (2002) . Colonies were identified as H. pylori on the basis of morphology, Gram stain, production of oxidase, catalase, and urease, and polymerase chain reaction (PCR) amplification of the vacA m1/m2 gene midregion, which was carried out as described previously (Mä hler et al. 2002) .
Adaptation of HP87 to the gastric mucosa of gerbils In order to adapt the human isolate HP87 to the gastric mucosa of gerbils, Z5 in vivo passages through gerbils were necessary. Gerbils were inoculated with the HP87 strain and the bacteria were re-isolated from the gastric mucosa as described above. Re-isolated Helicobacter was expanded in vitro by subculturing and used for the next inoculation. The passages are shown in Table 2 .
Quantitative bacterial culture
To perform quantitative bacterial cultures on stomach samples, we homogenized tissues collected at four and 38 weeks p.i. in 1 mL PBS with a Xenox motorized hand tool (Proxxon, Niersbach, Germany). The homogenates were serially diluted in PBS, and each dilution was cultured on agar plates as described above. Colonies were identified as H. pylori using the above criteria, and the number of colonies per plate was counted and expressed as CFU per gram tissue. H. pylori isolated from a culture-positive animal of indicated groups (*) was used for the next inoculation. p.i. = post-inoculation formalin, dehydrated by graded alcohol, embedded in paraffin, sectioned at 4 mm, and stained with haematoxylin and eosin (H&E) reagents. Sections were evaluated microscopically by a single observer (AB) in a blind procedure. Stomachs of 38 gerbils with H. pylori-positive culture results and stomachs of 19 control animals (4-52 weeks p.i.) were examined histologically. Body and antrum were assessed separately for inflammatory cell infiltration and epithelial lesions. For inflammatory cell infiltration, the absence (0) or presence (1) of the following parameters was recorded: (1) disseminated inflammatory cells, (2) lymphoid aggregates (circumscribed collections of lymphocytes), and (3) lymphoid follicles (aggregates containing a germinal centre) in (a) mucosa, (b) submucosa, and (c) beyond the tunica muscularis (subserosa). For epithelial lesions, the absence (0) or presence (1) of the following parameters was noted: (1) erosion, (2) ulceration (a defect in the epithelium which extends through the muscularis mucosae), (3) hypertrophy, (4) reduced density of glandular tissue, and (5) cyst formation.
Histological examination

Results
Bacterial culture, macroscopic and histological findings in control animals
All PBS-inoculated control animals tested negative for H. pylori by culture. No macroscopic or histological lesions were observed in uninfected gerbils.
Colonization of gerbils with H. pylori strains ATCC 43504, SS1, and HP87
Gerbils were inoculated with one of the following strains: the standard H. pylori strain ATCC 43504, the mouse-adapted strain SS1, or the clinical isolate HP87; all these inocula of H. pylori had never been in the gerbil. No colonization of gerbils with the strain ATCC 43504 was observed in any of the 10 animals four weeks p.i. Reisolation of the strain SS1 was achieved from 1 of 11 animals four weeks p.i. Bacterial cultures from stomachs of HP87-inoculated gerbils yielded isolates with typical morphological and biochemical characteristics of H. pylori in 2 of 18 animals four weeks p.i. These isolates were found by PCR to be positive for the vacA m1 genotype, indicating that they originated from the inoculated HP87 strain. The proportion of H. pylori-inoculated gerbils with positive cultures is shown in Table 1 .
Colonization rates of HP87 during adaptation
To overcome the low ability of the HP87 strain to colonize the gerbil stomach, it was passaged several times through gerbils. During this adaptation, colonization rates increased with the number of passages (Figure 1) . At 4 weeks p.i., the following percentages of animals tested positive for H. pylori: 11.1% of gerbils inoculated with the HP87 isolate without prior in vivo passage (P0), 25% of those inoculated with HP87 with three in vivo passages (P3), 62.5% of those inoculated with HP87 (P5), and 100% of those inoculated with HP87 (P7). Colonization rates for all animals inoculated with HP87 are shown in Table 2 . For the HP87 (P7) isolate, the level of colonization was determined by quantitative culture. Bacterial concentrations remained largely constant over time and ranged from 6.90 Â 10 4 to 1.78 Â 10 7 CFU/g tissue at 4 weeks p.i. (n ¼ 5) and from 6.66 Â 10 3 to 7.30 Â 10 6 CFU/g tissue at 38 weeks p.i. (n ¼ 5).
Macroscopic and histological findings in gerbils infected with adapted HP87
Based on the colonization results, we selected the HP87 (P7) isolate for the study of H. pylori-induced gastritis in our gerbil population at different times (4, 18, 38, or 52 weeks p.i.). Histopathological findings were also assessed in HP87 (P5)-infected gerbils at 5 weeks p.i. and in HP87 (P6)-infected gerbils at 9 weeks p.i.
Macroscopically, oedematous swelling of the gastric mucosa was observed in all infected gerbils except for those inoculated with HP87 (P5). This swelling increased in gerbils infected with HP87 (P7) over time, leading to an enlarged appearance of the stomach.
Histopathological changes were most significant in the gastric antrum. Information on the type and distribution of lesions is given in Figures 2 and 3, and Table 3 . In all groups of gerbils infected with HP87 (P5-P7), there was a mixed inflammatory cell infiltrate dominated by monomorphonuclear cells in the mucosa, submucosa, and beyond the tunica muscularis (subserosa). Submucosal and subserosal infiltrates exhibited characteristic differences among the groups of infected gerbils. While infiltration consisted exclusively of disseminated leukocytes in HP87 (P5)-infected gerbils, 50% of those infected with HP87 (P6) also showed lymphoid aggregates in the submucosa but not in the subserosa. Almost all gerbils inoculated with HP87 (P7) developed lymphoid aggregates in the submucosa, and high proportions of animals developed lymphoid follicles in the submucosa and lymphoid aggregates in the subserosa over time.
Hyperplasia, erosions, and a reduced gland density were observed in all groups of animals, although to a lesser extent in the gerbils inoculated with HP87 (P5). Ulceration and cyst formation were first observed in gerbils infected with HP87 (P7) for 18 weeks and were present in an increasing number of animals until the end of this study (52 weeks p.i.).
In the gastric body, inflammatory infiltrates were only observed after infection with HP87 (P7). They were generally mild and were mainly restricted to the mucosa at all times of infection. In some of the gerbils infected for 18, 38, and 52 weeks, lymphoid aggregates in the mucosa and disseminated leukocytes in the submucosa were also noted.
Metaplastic lesions were not found in the stomach at any stage of infection.
Discussion
Unlike previous reports of gastritis in gerbils induced with H. pylori isolates taken from biopsy samples (Hirayama et al. 1996 , Watanabe et al. 1998 , in this study it was necessary to implement a strategy of multiple passages of the human H. pylori isolate HP87 through the gerbil stomach to establish a model of Helicobacter-induced gastritis. A similar strategy was employed by Lee et al. (1997) in the tunica mucosa, in the tunica submucosa, and beyond the muscular layer of the gastric antrum. Other characteristic lesions observed were epithelial changes consisting of hyperplasia, erosion, and ulceration. Several reasons could be responsible for the initially low colonization rates of the three H. pylori strains used in this study. Wirth et al. (1998) observed a reduced colonization ability of H. pylori in the gerbil stomach as a consequence of multiple in vitro passages. In the present study, all three strains had been passaged in vitro multiple times before they were used for the first inoculation. Indigenous bacteria may also have an impact on the colonization and growth of H. pylori strains in the stomach of Mongolian gerbils (Sun et al. 2003) . In this study, bacteria other than H. pylori were not specifically determined in the stomach. Routine microbiological examination on representative animals from our colony occasionally revealed the presence of Pasteurella spp. in the outer genital tract and of H. hepaticus in faecal samples. However, there is no incidence that Pasteurella spp. or H. hepaticus, which is an inhabitant of the lower intestine (Fox & Lee 1997) , colonize the stomach or are associated with any gastric pathology in the gerbil.
Furthermore, colonization is affected by host factors. This is underlined by the observation that colonization rates vary significantly among different inbred strains of mice , Mä hler et al. 2002 . However, inoculation of another outbred strain of gerbils (Hsd:MON) with HP87 (P0) resulted in similar low rates (data not shown) so that it appears unlikely that the initially low colonization rates are due to the genetic background of the host.
Higher colonization rates and a more severe gastritis with increasing in vivo passages raise the question of the mechanism underlying adaptation of HP87 to the gerbil stomach. Adaptation could be due to changes in genes conferring bacterial colonization. H. pylori is genetically one of the most diverse bacterial species thus far reported (Suerbaum et al. 1998) , and strain variations have even been observed within a single host (Kersulyte et al. 1999 the same host several years apart suggest that genetic changes develop during colonization, allowing the bacteria to adapt to changing conditions (Israel et al. 2001 ). Genetic flux of H. pylori within an individual host results from very frequent recombination events occurring during mixed colonization of a host by unrelated strains so that H. pylori alleles at independent loci are rarely co-inherited for long periods of time (Falush et al. 2001 ). However, the genetic variability of H. pylori does not only result from horizontal genetic exchange; genomic changes have also been observed in an H. pylori strain due to antigenic variation and phase variation, resulting in expression differences of genes during experimental infection (Solnick et al. 2004) . Which factors could have been changed in HP87 during adaptation? Persistent colonization of the gastric mucosa requires features which permit entry into the mucus, swimming and spatial orientation in the mucus, attachment to epithelial cells, and evasion of the immune response (Suerbaum & Michetti 2002) . Factors associated with these features were found to be essential for H. pylori to colonize its ecological niche (Kavermann et al. 2003) . Urease is essential for the establishment of H. pylori colonization in gerbils (Wirth et al. 1998) , gnotobiotic piglets (Eaton et al. 1991) , primates (Hirata et al. 1993) , Foxn1 nu mice (Tsuda et al. 1994) , and for H. mustelae colonization in ferrets (Andrutis et al. 1995) . Colonization is also affected by the level of urease activity (Nolan et al. 2002) . Urease hydrolyses urea into carbon dioxide and ammonia, thereby permitting H. pylori to survive in an acidic milieu. In this study, all H. pylori re-isolates were urease-positive, but the activity of urease was not quantified. Further factors essential for colonization affect bacterial chemotaxis and motility, such as flagellin A. H. pylori can bind tightly to epithelial cells by adhesins, which belong to a family of 32 outer membrane proteins (OMPs), such as the blood-group antigenbinding adhesin (BabA) (Suerbaum & Michetti 2002 , Kavermann et al. 2003 . Experimental infection of rhesus macaques with a human-derived H. pylori strain resulted in changes in the expression of babA and babB due to antigenic and phase variation. This might reflect a dynamic response of the bacterium which facilitates adherence to the gastric epithelium and promotes chronic infection (Solnick et al. 2004) . Other factors known to be essential for colonization in the mouse and gerbil models include the LPS of H. pylori, probably due to the O-side chain and/or Lewis x/y mimicry of LPS (Moran et al. 2000 , Kavermann et al. 2003 .
Inflammatory cell infiltration
Investigation of colonization factors in P0 and P7 isolates might be useful for the detection of changes in factors essential for H. pylori infection as a step toward understanding the underlying mechanism of adaptation. The identification of genetic changes in OMPs resulting in amino-acid variation and expression differences of adhesions proteins should be a good starting point for such investigations.
